Kinesin-1 is a motor protein that carries cellular cargo such as membrane-bounded organelles along microtubules (MTs). The homodimeric motor molecule contains two N-terminal motor domains (the motor ''heads''), a long coiled-coil domain (the ''rod'' or ''stalk''), and two small globular ''tail'' domains. Much has been learned about how kinesin's heads step along a MT and how the tail is involved in cargo binding and autoinhibition. However, little is known about the role of the rod. Here, we investigate the extension of the rod during active transport by measuring the height at which MTs glide over a kinesin-coated surface in the presence of ATP. To perform height measurements with nanometer precision, we used fluorescence interference contrast microscopy, which is based on the self-interference of fluorescent light from objects near a reflecting surface. Using an in situ calibrating method, we determined that kinesin-1 molecules elevate gliding MTs 17 ؎ 2 nm (mean ؎ SEM) above the surface. When varying the composition of the surrounding nucleotides or removing the negatively charged -COOH termini of the MTs by subtilisin digestion, we found no significant changes in the measured distance. Even though this distance is significantly shorter than the contour length of the motor molecule (Ϸ60 nm), it may be sufficient to prevent proteins bound to the MTs or prevent the organelles from interfering with transport. molecular structure ͉ motor conformation ͉ motility assay
K
inesin-1 (conventional kinesin) is a homodimeric motor protein that processively moves along microtubules (MTs). In cells, kinesin-1 transports various cargo such as membranebounded organelles over distances of several micrometers (1) (2) (3) . Such long-range transport is quite remarkable if one considers that MTs are decorated with many proteins that protrude up to 10 nm from the MT surface, including other motors and MT binding proteins (4, 5) . How do kinesin motors ensure that transport along MTs is not disrupted by steric hindrance and͞or entanglement?
A possible answer is that kinesin-1 is a long molecule. Kinesin-1 contains two N-terminal motor domains (the motor ''heads'') joined by a coiled-coil neck (6) . Following a putative flexible domain (the ''swivel'') (7, 8) , there is a long coiled-coil domain of Ͼ300 aa (9) interrupted by a known flexible region called the hinge (10) and other regions of low propensity for coiled coil (11) and a small C-terminal tail domain. The region between neck and tail has been referred to as the rod.
Although the motor and neck perform the stepping motion that leads to motility, the rod and tail have regulatory and cargo-binding functions. The tails are inhibitory domains. In the absence of cargo, the full-length molecule at physiological ionic strength is folded at the hinge (12) in a compact configuration with the tail bound to the neck (13, 14) . This compact configuration has low ATPase activity (12) . The ATPase activity can be activated by deleting the tail (15) , deleting the hinge about which the molecule folds (16) , or binding to silica beads that act as artificial cargos (11) . The activated state can then be inhibited by adding exogenous tail (11) . Thus binding of the tail to cargo is thought to activate the motor. Cargo can also bind via kinesin's light chains, which bind to the region of the rod adjacent to the tail (17) .
Structural studies show that the contour length of the kinesin-1 molecule is Ϸ60 nm. To determine whether or not kinesin-1 is extended while actively moving, we have directly measured the vertical distance, the height, at which MTs glide over a kinesincoated surface. We have used fluorescence interference contrast (FLIC) microscopy (18) (19) (20) , which has the advantage over other high-resolution height-measuring techniques such as total internal reflection fluorescence microscopy (21) and defocused wide-field imaging (22) (23) (24) in that it can measure absolute distances above a surface. Because the substrate to which the kinesin is adsorbed can be regarded as the surface of a very large cargo, the height of the gliding MTs corresponds to the track-cargo distance. Surprisingly, we find that the height is only Ϸ17 nm, suggesting that the active molecule is in a rather compact configuration perhaps because of the segmental flexibility of the rod.
Results

FLIC Microscopy.
We used FLIC microscopy to accurately measure the height at which fluorescently labeled MTs glide above a surface covered with kinesin-1 motors (for preparation of surfaces, proteins, and imaging, see Materials and Methods). FLIC occurs whenever fluorescent objects are in the vicinity of a reflecting surface. In Fig. 1A , our setup is schematically depicted for a fluorescent, tilted MT close to a reflecting silicon (Si) surface upon which a thin layer of silicon oxide (SiO 2 ) has been thermally grown. The MT is illuminated and imaged from the glass side of a microscopic flow cell in aqueous buffer. Light with wavelength exc may excite the fluorophores in the MT either directly or via the reflecting Si͞SiO 2 interface. A similar light path exists for the light emitted by the fluorophores ( em ).
The resulting interference between the direct and the reflected light leads to a double sin 2 modulation of the intensity, I, of a fluorescent object as a function of distance, h, above the SiO 2 surface. For our set-up this FLIC curve can be, based on ref. 25 , approximated by
I 0 is the maximal fluorescence intensity resulting from constructive interference. I 0 R is the amount of light still present at the distance corresponding to destructive interference. This residual intensity is caused mainly by the limited reflectivity of the Si͞SiO 2 interface and the random orientation of the fluorophores. In the sin 4 term,
corrects for the distance z 0 that the light travels in SiO 2 considering the different refractive indices of SiO 2 (n SiO 2 ) and water (n H 2 O ). The periodicity of the FLIC curve in water is approximately given by ⌳ ϭ ͞2n H 2 O , where we ignore the small difference between exc and em . For Ϸ600 nm, the periodicity of the vertical FLIC modulation is thus expected to be Ϸ230 nm. The exponential term with the decay parameter, ␥, accounts for the loss in modulation over distance caused by the finite bandwidth of excitation and detection and the imaging by an objective with high numerical aperture. The exact values of ⌳, R, and ␥ to be used in Eq. 1 are determined experimentally as described below. For a given imaging system the parameters ⌳, R, and ␥ are constant and need to be determined only once. To do so, we used MTs themselves as calibration rulers. The MTs are held in place by an invisible, dilute agarose network (see Materials and Methods). Note that the agarose network hardly hinders the motility of MTs on the surface. A MT that is tilted by an angle ␣ and that is close enough to the surface converts the FLIC curve into a ''zebra-stripe'' intensity modulation that can be imaged and evaluated in the x-y plane. Fig. 1B shows examples of such MT images obtained for three different tilt angles. i 0 , i 1 , and i 2 are the camera-measured fluorescence intensities of the first maximum, first minimum, and the second maximum, respectively (see Supporting Text, which is published as supporting information on the PNAS web site). In addition, a ''side view'' of the tilted MT and its reflection can be obtained by performing z-plane sectioning (Fig. 1C and see also Materials and Methods). In Supporting Text we show how images from Fig. 1 B and C suffice to quantify all of the parameters in Eq. 1. The good agreement between experimental data and the predicted shape of the FLIC curve (see Fig. 5 , which is published as supporting information on the PNAS web site) justifies the use of Eq. 1 as an empirical description of our FLIC system (Fig. 1D) .
Height of Gliding MTs Measured on Unstructured Substrates. To measure the heights of gliding MTs, their average intensity was compared with the FLIC modulation of close-by, tilted MTs. Fig.  2A shows an example of a height measurement (see Movie 1, which is published as supporting information on the PNAS web site). MT 1 was motile with a uniform intensity, indicating that it was parallel to the surface, whereas MT 2 was fixed and tilted in a dilute agarose mesh, showing the characteristic zebra stripes. In Fig. 2B intensity profiles of the same MTs are shown. We note that the modulations observed in the profiles of tilted MTs are diminished because of the finite optical resolution of our imaging system. After correcting for this ''blurring'' effect (see Supporting Text), we obtained relative intensities ϭ I MT ͞I 0 , where I MT is a local fluorescence intensity of a motile MT and I 0 is the intensity of the corrected FLIC maximum as in Eq. 1. All obtained values of were then mapped onto the rising slope of the FLIC curve to determine the height distribution for a particular assay (Fig. 2C) . We estimate the height of the MTs as the peak of the height distribution.
We first analyzed MTs that were directly (i.e., without motors) cross-linked to the surface by using a positively charged protein (avidin). The measured height of 16.0 Ϯ 1.9 nm (see Table 1 and Supporting Text for error analysis) corresponds well to the MT radius of Ϸ12.5 nm plus a potential contribution of 3.5 nm from the avidin. We then measured the heights of gliding MTs on surfaces coated with kinesin-1 under various conditions ( Fig. 2D and Table  1 ). For the standard casein-based motility assay (casein assay) performed on SiO 2 the height of gliding MTs above the surface was 29.3 Ϯ 1.9 nm. This distance corresponds to an elevation (defined as the distance of the center line of the MT from the substrate surface minus one MT radius) of 16.8 Ϯ 1.9 nm. When an avidin layer was deposited before the casein the elevation increased to 22.5 Ϯ 1.9 nm, whereas the use of an antibody (anti-His) to the histidine-tagged C-terminal tail of kinesin yielded an elevation of 21.5 Ϯ 1.9 nm. The increased elevation of Ϸ5 nm was consistent with the diameter of the avidin and antibody molecules. For two modified kinesin-1 constructs in which the hinge region (⌬Hinge) or the swivel and the hinge region (⌬Swivel⌬Hinge) were deleted (see Materials and Methods), the elevations were 16.5 Ϯ 1.9 and 17.5 Ϯ 1.9 nm, respectively. When WT kinesin-1 (casein assay) was used with subtilisin-digested MTs, the elevation was 15.5 Ϯ 1.9 nm. Thus the tubulin C terminus had no significant effect on the elevation. A sketch of a possible conformation of a kinesin-1 molecule has been drawn on the same scale as the height measurements in Fig. 2D .
To investigate whether the measured elevations depended on the ATP concentration we exchanged various nucleotide solutions during continuous MT motility in casein assays without agarose (see Table 2 ) and measured the averaged fluorescence intensities I MT of the kinesin-lifted MTs. This approach allowed the sensitive detection of relative intensity changes before and after changing the experimental conditions. To calculate absolute heights from these measurements the intensity values I MT were first translated into relative intensities via interpolation using surface-immobilized MTs and MTs gliding in a motility solution containing 1 mM ATP as reference points. Those relative intensities were subsequently mapped onto the known FLIC curve as described in Fig. 2C . We did not find any significant differences in elevation between motility solutions containing either 1 mM ATP, 10 M ATP, or 1 mM adenosine 5Ј-[␤,␥-imido]triphosphate. However, when we crosslinked motile MTs to the surface by application of 2 M avidin, the MTs immediately stopped their movement and took up a lowered elevation of Ϸ9 nm.
Height of Gliding MTs Measured on Structured Substrates. To rule out possible systematic errors in the tilted-MT method described above, we performed a second, independent height measurement using the casein assay on structured surfaces. This method, termed the ''ABCD'' method, relies on thermally oxidized Si wafers into which nonoverlapping patches (sizes Ϸ10 ϫ 10 m) of different depths were etched. A similar method had been applied to measure the heights of biomembranes above surfaces (19, 20, (25) (26) (27) (28) (29) . For MTs, the technique is outlined in Fig. 3 . A MT moving over a SiO 2 step, i.e., from the flat top of the thermally oxidized SiO 2 surface into an etched patch, will change its distance above the reflecting Si͞SiO 2 interface and thus its intensity ( Fig. 3 A-C) . Ratios of background corrected fluorescence intensity values K i ϭ (I A Ϫ I B )͞(I C Ϫ I D ) can then be obtained for each patch with a given SiO 2 thickness h i . Because local intensity ratios, instead of absolute intensities, are derived here, the values are independent of any spatial inhomoge- neity of the illumination. Moreover, multiple Si͞SiO 2 chips with different patch thicknesses can be used as long as all chips share at least one common patch thickness h S . All normalized intensity ratios K i ͞K S , where K S is individually measured on the respective chip, can then be plotted and fitted in one graph (Fig. 3D) . In our experiments we used two sets of chips with three different patch thicknesses (whereby a patch with h S ϭ 125 nm was present on both sets; see Materials and Methods). Because the (nonetched) flat top of the thermally oxidized SiO 2 surface also contributes one value, data are plotted for seven different thicknesses in Fig. 3D . We found that the obtained data points, which were in individual experiments acquired for both motile and surface-immobilized MTs, were well fit by the FLIC curve as described by Eq. 1 with the parameters derived in Supporting Text. The lateral shift in the peaks then corresponds to a height difference between motile and surfaceimmobilized MTs of 15 Ϯ 5 nm (after correction for the refractive index of SiO 2 ). Thus, the elevation of gliding MTs determined by the ABCD method is 18.5 Ϯ 5 nm when accounting for the 3.5-nm-thick layer of avidin (measured by the tilted MT method) underneath the immobilized MTs.
3D Geometries of Gliding MTs. The nanometer accuracy in the z-direction revealed novel features of gliding MTs. In standard kinesin-MT gliding experiments the motile filaments cross each other without any noticeable influence on their paths or velocity. This behavior most likely arises from the elasticity of the MTs and motors, but has not been investigated in detail. We used FLIC microscopy to image what happens at MT crossings where one gliding MT hits the side of another gliding one. Fig. 4 A and B shows averaged frames and intensity profiles from a time-lapse movie of crossing MTs imaged, respectively, by epi-fluorescence and FLIC microscopy on a 4-nm SiO 2 layer. In epi-fluorescence the signals of two MTs added linearly and provided no height information. It was not possible to tell whether an incoming MT passed over or under the other. In contrast, FLIC microscopy clearly showed that MT-A passed over MT-B, arching beyond the crossing point, as visible from the elongated intensity peak (Fig. 4B and see also Movie 2, which is published as supporting information on the PNAS web site). This interpretation of the FLIC images follows from the FLIC curve. From Eq. 1 and the gliding height of motile MTs of Ϸ30 nm determined earlier, we expect the intensity of a gliding MT to be Ϸ20% of the maximum. If the lower MT were pushed down half a MT diameter and the upper MT pushed up a similar distance, we would expect a signal of 44%, not very different from the double intensity (40%) seen with epi-fluorescence. However, the FLIC signal at the crossing point was significantly brighter than the sum of the intensities of the two MTs. This finding implies that the lower MT remained at its original height and that the incoming MT passed over and contributed most to the observed fluorescence at the crossing point. An estimate of the height of the upper MT can be taken from the intensity of that MT near the crossing point relative to its intensity away from it. We found an increase in brightness of about a factor three, which indicates a ''looping'' height of 70 Ϯ 10 nm (Fig. 4C) .
Discussion
Using FLIC microscopy, we addressed the question of how far kinesin-1 holds cargo away from a MT during transport. To do so, we measured the height of gliding MTs above a kinesin-coated surface with nanometer precision with tilted MTs as calibration rulers. In the absence of kinesin when MTs were immobilized flat on the surface with avidin, we found a small elevation of 3.5 Ϯ 1.9 nm (Table 1) . In contrast, when MTs were gliding across the surface in the presence of kinesin (in the casein assay) we found an elevation of 16.8 Ϯ 1.9 nm. The addition of an avidin layer underneath the kinesin motors increased the elevation by 5.7 Ϯ 1.9 nm, consistent with a monolayer of the globular, 4-nm-diameter avidin molecules. A similar increase (4.7 Ϯ 1.9 nm) was found when the kinesin C-terminal tail was specifically bound to the surface via an antibody (anti-His). In all cases, the different elevations can be accounted for by the accessory proteins, with the distance contributed by the kinesin-1 molecules themselves being constant at Ϸ17 nm. The MT elevation did not change significantly when we varied the composition of the surrounding nucleotide composition from 1 mM ATP to either 10 M ATP or 1 mM adenosine 5Ј-[␤,␥-imido]triphosphate. However, when gliding MTs (casein assay) were cross-linked to the surface by avidin, the elevation lowered to Ϸ9 nm. This number, which is significantly larger than the elevation of surfacebound MTs, can be understood by the contributions of the underlying casein and kinesin layers, which cannot be compressed further. Most importantly, however, this measurement shows that different MT elevations can be evoked in the same experimental chamber and that the corresponding differences in MT elevation can be distinguished by our method.
The height measurements were confirmed by using a second calibration method based on a structured Si͞SiO 2 surface. This method is complementary because it is less dependent on the exact shape of the FLIC curve. The structured-surface method yielded an elevation of 18.5 Ϯ 5 nm for the casein assay, not significantly different from that found with the tilted MT method (16.8 Ϯ 1.9 nm) .
The elevation of the MTs driven by kinesin-1 is significantly less than the contour length of the motor molecule. One reason for this comparatively short distance might be surface binding of the kinesin molecule through parts between the head and the tail. However, although we cannot fully rule out such a scenario, we believe that our measured elevation does correspond to the full kinesin molecule. The reason is that when the anti-His antibody was used the binding was specific to the His tag in the kinesin tail, and furthermore control experiments showed that in the absence of antibody the blocking agent F127 prevented nonspecific binding of protein to the surface. If there were other, lower-affinity surface attachments farther down the rod, we would expect that these interactions be engaged to different extents among individual motors, leading to height fluctuations along the length of the gliding MTs. However, we did not observe such fluctuations.
The kinesin rod may also extend either laterally or longitudinally across the MT for a long distance before the C-terminal part of the molecule connects to the surface. This possibility is intriguing because electrostatic interactions of the kinesin neck region with the negatively charged carboxyl termini of tubulin, known as the ''E-hook,'' have been shown to be important for the regulation of kinesin's processive run length (30). However, the extent of this interaction is unknown. We therefore repeated our measurements on kinesin-1 (casein assay) with MTs where the E-hooks were removed by digestion with subtilisin (31) . Although the gliding velocity of the subtilisin-treated MTs decreased by Ϸ25% (see Table 1 ) in accordance with reports in the literature (32), the observed elevation of 15.5 Ϯ 1.9 nm did not significantly differ from our standard measurements. It can thus be ruled out that an electrostatic interaction between the rod of kinesin and the Cterminal part of the MTs is a crucial determinant of the low elevation.
We therefore hypothesize that active kinesin is not fully extended but is in a more compact configuration because of bending of flexible regions within the molecule. For example, the mean end-to-end distance of a freely jointed chain in thermal motion composed of n segments is ͌ l 1 2 ϩ l 2 2 ϩ . . . ϩ l 2 n (33). Substituting segment lengths, l i , corresponding to those of kinesin-1 [8 nm for the head and neck (6) and 15 nm for coil 1 (9) plus 10, 5, 6, and 8 nm for the four regions of coil 2 (11), and 5 nm for the tail] gives a length of 23 nm. Even though this analogy is very rough, for example, the constraints caused by the substrate and MT surfaces are not accounted for nor is it known whether the breaks in the coiled coil can freely pivot, it does illustrate that thermally driven bending can provide a plausible explanation for the measured elevation. Such a freely jointed chain is expected to be very flexible and would be stretched to nearly its contour length in optical tweezer experiments (34) . Our method should allow us to directly measure such molecular deformations that might influence the mechanochemistry of kinesin (35, 36) .
Measurements on ⌬Hinge and ⌬Swivel⌬Hinge kinesin-1 constructs yielded negligible changes in the elevation as compared with the WT kinesin-1. Although it is assumed that the deletion of the hinge and͞or the swivel region leads to a decrease in the flexibility of these elements, it is not known in which 3D conformation the stiffened parts exist. It is therefore impossible to speculate about whether a change in the gliding height would be expected or not. However, we found a 25% decrease in the gliding velocity of MTs driven by ⌬Swivel⌬Hinge kinesin constructs, whereas the gliding velocity on ⌬Hinge stayed unchanged in comparison to the WT. This change in the gliding velocity is most likely caused by the lowered rotational flexibility of the individual kinesin heads, and our measurements rule out the possibility that the velocity decrease is caused by a variation in the drag coefficient because of a lowered gliding height above the surface.
Our measurement of the distance between the MT and the substrate is in the same range as the lengths of cross-bridges observed by electron microscopy to link between membranebounded organelles and MTs in neurons and other cells. For example, Miller and Lasek (37) derived a cross-bridge length of 17 Ϯ 2 nm in axoplasm, and Ashkin et al. (38) found cross-bridges of Ϸ25 nm in amoeba, although in neither case were the molecules identified. Our distance is also similar to the length of bridges formed between kinesin-1 and latex microspheres observed by electron microscopy [25-30 nm (10) ] and to the elevation of 15-19 nm inferred from the drag forces acting on MTs swiveling around single kinesin motors (7) . We regard this agreement as remarkable because all of the earlier estimates were subject to very considerable systematic uncertainties and in the case of the electron microscopy the proteins were fixed. In contrast to these earlier estimations, in our experiments (i) the motor molecules were well identified, (ii) the MTs moved with speeds of Ϸ700 nm͞s similar to those found under physiological nucleotide conditions, (iii) local height changes along the length of a MT could be identified, and (iv) the dynamic acquisition of height data were possible because only one optical image was needed for each measurement.
In summary, we have determined the distance that kinesin-1 holds its cargo from the MT surface by directly measuring the vertical distance at which MTs glide over a kinesin-coated surface. This distance did not change significantly when we treated the substrate surface in various ways or when we removed the negatively charged E-hooks from the MTs. Our data therefore suggest that kinesin-1 transports cargo in a partially compacted state. In fact, a compact, but flexible, molecule may have biological advantages: 15-20 nm is likely to be long enough to allow the motor to pass MT-associated proteins on the MT surface and the flexibility may allow a wide range of orientations of the cargo so that a single motor can move relatively unimpeded through a crowded cytoplasm and many motors can work together even when not aligned on the cargo surface. Regarding our method, we showed that FLIC microscopy is a promising tool for dynamic height measurements of nanoscopic fluorescent objects with nanometer precision in three dimensions.
Materials and Methods
Motors, MT Preparation, and Motility Assays. We used kinesin-1 (full-length, conventional kinesin from Drosophila) purified following published protocols (39) . Kinesin-1 mutants were obtained by deletion of S560-E624 (⌬Hinge) and E380-E440, S560-E624 (⌬Swivel⌬Hinge).
Rhodamine-labeled MTs were polymerized from bovine brain tubulin (Cytoskeleton, Denver, CO, 4 mg͞ml, mixture of one rhodamine-labeled͞three unlabeled tubulin units) in BRB80 buffer (80 mM Pipes/KOH, pH 6.9͞1 mM EGTA͞1 mM MgCl 2 ) with 4 mM MgCl 2 , 1 mM Mg-GTP, and 5% DMSO at 37°C. After 30 min, the MT polymers (average length 10 m) were stabilized by diluting 100-fold into room-temperature BRB80 containing 10 M taxol. Digestion of the negatively charged carboxyl termini of tubulin was performed with 10 g͞ml subtilisin, incubated for 20 min at 37°C, and terminated with 2 mM PMSF.
Gliding motility assays were performed in microscopic flow cells formed by a 22-ϫ-22-mm 2 glass coverslip on one side and a 10-ϫ-10-mm 2 Si͞SiO 2 chip on the other. Stretched parafilm was used as a seal to create cells of 50-m thickness.
Gliding Motility Was Realized in Two Ways. Casein assay. Caseincontaining solution (0.5 mg͞ml in BRB80) was flowed in and incubated for 5 min before motor solution (5 g͞ml kinesin-1 with a C-terminal His tag, 1 mM Mg-ATP, 0.2 mg͞ml casein in BRB80) was flowed in. After 5 min, the solution was exchanged with a motility solution containing MTs (32 nM tubulin, 1 mM Mg-ATP, 0.2 mg͞ml casein, 10 M taxol in BRB80, and an oxygen scavenger mix of 20 mM D-glucose, 0.020 mg͞ml glucose oxidase, 0.008 mg͞ml catalase, and 10 mM DTT). Antibody assay. Alternatively, SiO 2 surfaces were rendered hydrophobic by silanization with dichlorodimethylsilane (Aldrich, Taufkirchen, Germany). A solution of 20 g͞ml antibodies (pentaHis, Qiagen, Valencia, CA) in BRB80 was incubated for 5 min. Subsequently, the surface was blocked with a 1% F127 (Sigma, Taufkirchen, Germany) solution to prevent unspecific protein binding. Motor and motility solutions were flowed in as described in the casein assay. By using the antibody layer kinesin-1 molecules were specifically bound to the surface via the His-tagged C-terminal tail. Antibody functionality was checked by skipping the antibody deposition, which resulted in neither surface binding nor gliding motility of MTs. The specificity of the antibody was confirmed when non-His tag antibodies failed to result in functional motility.
The mean gliding velocities in the different assays ranged from 0.47 to 0.83 m͞s within the previously reported values at 1 mM ATP.
Surface Fabrication and Treatment. Structured and unstructured Si͞SiO 2 chips were obtained from GeSiM (Gro␤erkmannsdorf, Germany). To optimize the height sensitivity in the measurements using the agarose method, we used unstructured Si chips with a 33 Ϯ 1-nm layer of transparent SiO 2 on top. Topographic surface structuring of the SiO 2 layer for the ABCD method was performed by optical lithography and wet etching in HF solution. The two chip sets used in our experiments comprised thermally oxidized SiO 2 layers of 160-and 190-nm thickness with spatially nonoverlapping patches of final SiO 2 thicknesses of 45, 55, and 125 nm and 0, 75, and 125 nm, respectively, etched into them. Precise thickness measurements for SiO 2 layers ranging from 0 to 200 nm were performed with an EP3 imaging ellipsometer (Nanofilm, Göttin-gen, Germany).
MT Immobilization. For the immobilization of horizontal MTs at minimal elevation above the SiO 2 substrate, MTs were flowed in followed by avidin (1 M in BRB80, Sigma-Aldrich) followed by fixation with a solution of 3.6% gluteraldehyde (Sigma) in water. To image surface-immobilized and gliding MTs at the same time, gliding motility experiments using the casein assay have also been performed on these prepared surfaces (see also Movie 3, which is published as supporting information on the PNAS web site).
For immobilizing MTs in other geometries, a dilute solution of low-melt agarose (Invitrogen, Carlsbad, CA, solidifying temperature 42°C), kept at Ϸ50°C in water was used with two approaches. Imaging of tilted MTs. MTs in BRB80 buffer were vortexed with agarose at a final concentration of 0.2% (wt͞wt). This mix was quickly flowed in and left to solidify at room temperature. The agarose network fixed MTs gently under various tilt angles. The network density was chosen to be dense enough to suppress thermal fluctuations, but not to bend the MTs. Simultaneous imaging of gliding and tilted MTs. For motility assays, the agarose was mixed with motility solution without MTs. It was then flowed into a running gliding motility assay. Some of the gliding MTs occasionally released their leading tips from the surface. They then caged themselves in the agarose network near the surface with tilt angles ranging from 5°to 25°(see also Movie 1).
Microscopy and Image Acquisition. The microscope setup consisted of an Axiovert 200M microscope equipped with standard fluorescence illumination and a ϫ63, numerical aperture 1.2 water immersion objective (Zeiss, Oberkochen, Germany), in combination with a ϫ1.6 optovar. The following filter set was used for imaging: excitation, HQ 535͞50, Dichroic Q 565 LP, Emission HQ 610͞75 (Chroma Technology, Rockingham, VT). Vertical z-scans with a step width of 100 nm were performed by using the internal focus drive of the microscope (calibrated over a range of 20 mm). For data acquisition a back-illuminated frame-transfer camera Micromax 512 BFT (Photometrics, Tucson, AZ) with 13-m pixel size was used. A MetaMorph imaging system (Universal Imaging, Downingtown, PA) was used for data acquisition and primary data processing. Blurring correction and data analysis was performed in MatLab (Mathworks, Natick, MA). Fluorescence intensity measurements were performed by Gaussian fitting of perpendicular MT cross-sections, using the background-corrected peak values of the fit. To suppress noise and compare local heights, data of adjacent cross-sections were averaged over MT segments of equal lengths (400 nm).
